The aim of this work was to study the influence of calcium carbonate nanoparticles in both tensile and impact mechanical properties of a polypropylene homopolymer. Four compositions of PP/CaCO 3 nanocomposites were prepared in a co-rotational twin screw extruder machine with calcium carbonate content of 3, 5, 7 and 10 wt. (%) The tests included SEM analyzes together with EDS analyzer and FTIR spectroscopy for calcium carbonate, tensile and impact tests for PP and the nanocomposites. The results showed an increase in PP elastic modulus and a little increase in yield stress. Brittle-to-ductile transition temperature was reduced and the impact resistance increased with the addition of nanoparticles. From the stress-strain curves we determined the occurrence of debonding process before yielding leading to stress softening. Debonding stress was determined from stress-strain curves corresponding to stress in 1% strain. We concluded that the tensile properties depend on the surface contact area of nanoparticles and on their dispersion. Finally we believe that the toughening was due to the formation of diffuse shear because of debonding process.
Introduction
Polypropylene is a semicrystalline polymer that exhibits very attractive mechanical properties, like ductility and strength at room temperature or under moderate rates of deformation 1 . However, under severe conditions it becomes brittle. This behavior makes it interesting for commercial and scientific fields to study methods for toughening these materials.
In order to increase the impact strength of semicrystalline polymers the incorporation of elastomeric particles has been widely used with great increases in the impact resistance, but accompanied of losses in the elastic modulus 2 . An alternative for the incorporation of elastomeric particles is the incorporation of debonding rigid particles which are able to increase the impact resistance with the advantage of increase the elastic modulus of the matrix 2, 3 . In this context, the incorporation of nanoparticles have been attracted much interesting in scientific field because of the possibility of use low contents of fillers with great increases in both impact and tensile mechanical properties 4, 5, 6, 7 . The main mechanism of toughening semicrystalline polymers with the addition of inorganic fillers has been extensively discussed and involves stress concentration, debonding of the polymer/filler interface and the formation of shear bands 3, 7 . First, the inorganic filler act as stress concentrator in the matrix during deformation due to the difference between the elastic behavior of the phases, i.e., the different elastic modulus of each phase. Due to the stress concentration effect, a triaxial state of stress is presented around the particle. The debonding of the interface releases this state of stress making it plane and facilitating yielding of polymeric chains. Finally, shear bands which are intrinsic deformation mechanisms of polymeric materials are created leading to higher energy absorption during deformation Figure 1 3, 7 . Several authors discussed the occurrence of debonding in literature, and tried to determine the moment in which debonding starts, i.e. before or at yielding point 6, 18 . Moreover some authors discussed the possibility of partial debonding which means that debonding process starts before yielding when just one pole of the particle and ends near rupture 23 . The most common methods described in literature to study debonding and determine its occurrence are acoustic emission analyses and tensile dilatometry. In the first method ultrasound signals emitted by the debonding process are recorded during tensile tests and provide a cumulative curve in which the occurrence of debonding is easy to determine because of the great increase in the number of signals 18 . The second method involves the use of two extensometers to measure both axial and longitudinal deformation of the samples and calculate volume strain. Assuming that the volume strain in neat polymer is the same of that of the polymer in the composite it's possible to calculate the volume strain due to debonding according to the following Equation 1, where (ΔV/V o ) C is the volume strain of the composite, (ΔV/V o ) M is the volume strain of the polymer matrix, (ΔV/V o ) V is the volume strain due to the debonding process and φ is the volume fraction of the filler 6 . By using these methods some authors concluded that debonding starts before yielding, in deformations near 1% for polypropylene. Debonding can be evaluated with a derivative plot of the stress-strain curve. As we discussed later debonding leads to the formation of shear bands and to the reduction of the stiffness of the matrix, so the derivative plot should present a discontinuity in the point that debonding starts 22 . This phenomenon is called stress softening 21 .
The main condition to achieve the desired performance of the nanocomposites is the dispersion of the nanoparticles. This can be a difficulty problem to overcome due to the strong tendency of agglomeration of the nanoparticles, which can be explained by their small particle diameter, i.e., high surface energy 4, 7 . Many strategies have been used to solve this problem, the most commons are the surface treatment of the nanoparticles in order to reduce the surface energy and in some cases to increase the compatibility with the matrix 8 , and the use of different techniques of mixing, in-situ polymerization, solution and melt processing 9 . Among these techniques, melt processing is considered one of the most interesting methods being the most economical, flexible for formulation and involves compounding and fabrication facilities commonly used in commercial practice 9 . Many authors presented different strategies for the incorporation and dispersion of inorganic nanoparticles in polymeric materials in melt state. The best results which mean the higher impact resistance were obtained by using internal mixers coupled to Haake rheometers with extremely long mixing times 5, 10 . On the other hand by extrusion process, higher screw speed rotation leads to bad dispersion and impact resistance 4 . So the achievement of good dispersion of the nanoparticles seems to be strongly dependent on the mixing or residence time 9 . In this context in this work we will present the mechanical properties of polypropylene calcium carbonate nanocomposites with different nanoparticle content which were prepared by melting processing in a co-rotational twin screw extruder that we believe is the most appropriate method, in terms of melting processing, to prepare these nanocomposites. The results will be discussed in terms of nanoparticle dispersion and deformation mechanisms which are initiated by the debonding process. The occurrence of the debonding will be discussed using the derivative plot of stress-strain curves as described later and correlated with the toughening effect of calcium carbonate nanoparticles in PP matrix.
Experimental

Materials
Polypropylene homopolymer, grade H501-HC (MI = 3,5 g/10 min), was supplied by Braskem Petroquímica, Brazil. Precipitated, calcite, calcium carbonate nanoparticles were supplied by YH-nano, China. The mean diameter of the nanoparticles is between the range of 70-90 nm and the surface treatment was stearic acid.
Preparation of the nanocomposites
Before extrusion polypropylene and calcium carbonate nanoparticles were dry mixed in the desired compositions. 
Calcium carbonate: morphology and chemical composition of the nanoparticles
Calcium carbonate nanoparticles were characterized by SEM together with EDS analyzer in a Phillips ® XL30 microscope in order to determine the mean particle diameter and the chemical composition of the nanoparticles, and FTIR spectroscopy in order to have some information about the surface treatment of the nanoparticles. FTIR samples were prepared using KBr in order to make small tablets; the analyses were conducted between 400 a 4000 cm -1 . The analyzes were conducted in a Perkin-Elmer FTIR spectrometer Spectrum 1000.
Characterization of the nanocomposites
Mechanical properties of neat PP and PP/CaCO 3 nanocomposites were studied in both tensile and impact tests. Tensile tests were conducted in an Instron 5569 universal test machine, with deformation speed of 5 mm/min. Before testing the samples were conditioned according ASTM D638. The tests were conducted until 150% of deformation. From the tensile tests we obtained elastic modulus and yield stress. Stress-strain curves were analyzed to estimate the possible occurrence of the debonding process.
Impact tests were conducted at room temperature and in different temperatures in order to determine the brittle-to-ductile transition temperature of all samples. The impact test bars were cut from the tensile specimens. Notching was done on a CEAST automatic notcher and Izod impact tests were conducted following ASTM D256. Figure 2 shows the morphology of the nanoparticles obtained from SEM analyzes. From the results it is possible to say that most of the nanoparticles has diameter in the range of 70-90 nm. Moreover, the nanoparticles have a strong tendency to form agglomerates due to their high surface energy which is a result of the small particle size.
Results
Morphology, chemical composition and surface treatment of the nanoparticles
EDS analyzes showed the presence of a little amount of silica in calcium carbonatenanoparticles (Figure 3a) , which can be attributed to residue from the production process of calcium carbonate nanoparticles, that has the limestone as raw material 11 . Figure 3b presents the FTIR spectra of calcium carbonate nanoparticles. Two bands in wavelengths of 2915 e 2856 cm -1 can be attributed to -CH 2 groups probably referred to the surface treatment of the nanoparticles 12 , which has the main function of avoid agglomeration of the nanoparticles but can be used to increase polymer/particle compatibility 3 .
Mechanical properties of neat PP and the nanocomposites
Tensile mechanical behavior
Calcium carbonate nanoparticles were incorporated to PP homopolymer in order to achieve better impact resistance and reinforcement of the matrix, so it is convenient to study the stress-strain behavior of neat PP and PP/CaCO 3 nanocomposites. Moreover the analysis of the tensile mechanical properties, yield stress and elastic modulus, can be related to nanoparticle dispersion, and the analyzes of the stress-strain curves can give some information about the toughening mechanism involved in the incorporation of calcium carbonate nanoparticles in PP matrix. In this context Figure 4 presents the stress-strain curves of neat PP and PP/CaCO 3 nanocomposites. A simple analysis of the curves in Figure 4 shows that both elastic modulus and yield stress were increased with the incorporation of nanoparticles, this confirms the reinforcement effect of calcium carbonate nanoparticles in PP matrix 13 . From Table 1 we can observe a great increase in elastic modulus with the addition of 3 wt. (%) of CaCO 3 nanoparticles, but the incorporation of larger contents of CaCO 3 did not lead to successive increase in this property. A similar result is observed for the yield stress. It was described in the literature that elastic modulus of polymeric composites depends, just, on surface contact area of the filler and not on its surface treatment 13 . On the other hand yield stress depends on both interfacial strength and surface contact area 14, 15, 16 . As the surface treatment is the same for all samples, the mechanical properties will be analyzed just in terms of surface contact area, which can be related to the dispersion of nanoparticles in the matrix.
In Figure 5 we compare the experimental data obtained in this work with three models used to predict the elastic modulus of composites. The models used in these work were Halpin Tsai model (Equation 2), which takes into account the aspect ratio of the filler (ξ); the rule of mixtures (Equation 3), which is the Halpin Tsai model for particles with high aspect ratio (ξ→∞) or high surface contact area; and the inverse rule of mixtures (Equation 4), which is the Halpin Tsai model for particles with low aspect ratio (ξ→0) or low surface contact area 17 .
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From the comparison it is easy to see that the experimental data are higher than the values obtained for all models. The most interesting is that the elastic modulus is higher than that obtained for the rule of mixtures, moreover the distance between the experimental results and the calculated ones decreases with the increase of cal- cium carbonate content, and when the nanoparticle content reaches 10 wt. (%) the elastic modulus is lower than that predicted for the rule of mixtures. Based on these comments we suggest that calcium carbonate nanoparticles have a strong influence in elastic modulus when incorporated in low contents due to their high surface contact area which is a result of the small particle diameter. When CaCO 3 content is increased the nanoparticles tend to form agglomerates that can be described as particles with higher dimensions, smaller surface contact area and smaller effect in the mechanical properties of the matrix.
Debonding of polymer/filler interface
As we have already discussed the toughening effect of inorganic fillers in polymeric materials involves basically three aspects; stress concentration, debonding and formation of shear bands. Due to the important role that debonding plays in the toughening process several authors discussed this phenomenon and tried to determine whether it occurs before or at the yielding point 6, 18, 19, 20 . The most accepted theory is that debonding starts before yielding and leads to a reduction in the slope of the stress-strain curves 6, 18 . Renner and coworkers used acoustic emission analysis to determine the occurrence of debonding in PP/CaCO 3 composites; they found that debonding starts when the deformation reaches 1% 18 . Based on the idea that debonding starts before yielding we analyzed the stress-strain curves in deformations inferior to 2%. Figure 6a shows that there is a tendency of reduction in the slope of the curves when the deformation reaches 1%. Although the results are in accordance with some data in literature it is quite difficult to define the exactly point where this change in the slope occurs because the behavior of the samples is not linear at this point, and it seems difficult to attribute this behavior to debonding since neat PP presents the same change in the slope as the nanocomposites, even though it has no filler to cause debonding.
The results presented in Figure 6a indicate that the behavior of both neat PP and the nanocomposites is due to some intrinsic behavior of the matrix that can be influenced by the incorporation of nanoparticles. A possible explanation for our observations is the stress softening phenomenon, which can be defined as the formation of small shear bands called diffuse shear due to the presence of heterogeneity like flaws or stress concentrators in the matrix. Stress softening process leads to a reduction in the stiffness of the matrix inside the shear bands 21 . Fisa and coworkers showed that both Nylon and PP/glass beads composites present a reduction in the stress/strain relation before the yielding point and attributed this behavior to stress softening 22 . Figure 6b shows the same treatment used by Fisa and coworkers, i.e. the derivative plot of stress-strain curves which can give some information about the occurrence of stress softening and in the case of the nanocomposites information about the debonding process. From the results it is possible to see a step in all the curves when the deformation reaches 1%. This step can be attributed to stress softening, i.e. a reduction in the stiffness of the matrix, or the softening of the matrix. Stress softening can explain why neat PP presents the same behavior of the nanocomposites; the difference is that in neat PP the formation of some diffuse shear is due to flaws that appear during the deformation and in the nanocomposites due to the pres- ence of CaCO 3 nanoparticles that act as stress concentrators and lead to debonding. Now that we have more features to assume that debonding starts before yielding in deformations of 1% we can determine the debonding stress, i.e. the stress when deformation is equal to 1%, that represents both debonding and stress softening in the case of nanocomposites and just stress softening for neat PP. The values of debonding stress presented in Table 1 can be correlated with the elastic modulus data obtained for the nanocomposites. Both properties increase significantly with the incorporation of 3 wt. (%), of calcium carbonate nanoparticles and remain constant with the increase of calcium carbonate content due to the agglomeration of the nanoparticles. Moreover the increase of the debonding stress can be attributed to a strong interaction between polymer and filler caused in this case by the high surface contact area of the nanoparticles, and indicate partial debond of the polymer/filler interface which means that debonding occurs in just one pole of the filler surface 19, 22, 23 .
Impact resistance
In Figure 7 we can see the impact resistance of the nanocomposites as a function of calcium carbonate content at room temperature. Although the mean impact resistance values were increased with the incorporation of calcium carbonate nanoparticles the standard deviation is too high which is an indicative that the working temperature coincides with the brittle-to-ductile transition zone. Zuiderduim and coworkers showed that addition of calcium carbonate particles can decrease the brittle-to-ductile transition temperature (T BD ) of polypropylene near to room temperature 7 . If the incorporation of calcium carbonate nanoparticles can achieve the reduction of T BD it is important to study the dependence of the impact resistance with temperature.
In Figure 8 we show the relation between impact resistance and temperature for neat PP and the nanocomposites. It is clear that the T BD of polypropylene was reduced with the incorporation of calcium carbonate nanoparticles. Brittle-to-ductile transition behavior is a result of the dependence between plastic resistance and temperature; an increase in temperature leads to an increase in chain mobility which causes a reduction in plastic resistance of the material, as the brittle strength which is governed by flaws or imperfections is independent of temperature the result of an increase in temperature is that plastic resistance becomes lower than brittle strength 2, 24 . Similar result can be obtained by the incorporation of debonding rigid particles. Debonding leads to the formation of shear bands and results in lower plastic resistance. In recent work Chen and coworkers used atomic force microscopy together with DIC (Digital Image Correlation) to show the local strain distribution around silica nanoparticles in Epoxi/ Silica nanocomposites. In their results it is possible to see strain fields around the particles when the deformation reaches 1% 25 .
As the plastic resistance in the nanocomposites is lower than that of neat PP, due to debonding and stress softening, their brittle-to-ductile transition temperature is lower than that of neat PP. So the reduction in brittleto-ductile transition temperature can be due to the debonding of the nanoparticles and subsequently reduction of plastic resistance. Table 2 summarizes the results obtained from Figure 7 .
Conclusions
The results obtained in this work evidenced the influence of calcium carbonate nanoparticles in mechanical properties of isotatic polypropylene. Great increases in elastic modulus were obtained with the addition of small content of CaCO 3 nanoparticles. The brittle-toductile transition temperature was reduced confirming the toughening effect of calcium carbonate nanoparticles in PP matrix. Tensile mechanical properties seems to be affected by the dispersion of the nanoparticles; small contents of nanoparticles led to an increase in both elastic modulus and yield stress, although the addition of higher contents of nanoparticles did not lead to subsequently increase in these properties that remained constant.
The reduction of brittle-to-ductile transition temperature indicates that plastic resistance of the matrix is reduced with the incorporation of nanoparticles as a result of debonding and stress softening. Finally we suggest that the toughening effect of CaCO 3 nanoparticles can be explained by intrinsic deformation mechanisms of polypropylene that are initiated by the debonding of the polymer/particle interface which leads to stress softening.
